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1 Executive Summary  
This project involved the gathering of information on the Robotic Dog (hereafter referred to 
as “the dog” or “the robot”) and then updating it so that it can be understood by future 
researchers. This was done by updating the old functionality and restoring some of the 
original functions of the robot. The aim of this project was to fix the robot so that is was in a 
state that would allow for new development of its systems. 
The development of wireless communication was done to improve the viability of 
programming the robot whilst it is moving. This will help students and staff in being able to 
better adapt control structures while the robot is moving. This was done so that if, in the 
future, the robot is removed from the harness the robot will still be able to be 
communicated with. 
The remodelling of the solenoid setup will prevent interruption in the control system being 
caused by malfunctioning cards. This will help in debugging because wiring diagrams for 
both the card and its interface are now available on the Engineering Network. This also 
applies to the wiring diagrams done for the Analogue to Digital converter and the I²C 
interface. 
This system should now be in a state that it can be used for teaching biologically inspired 
control systems to students. The system can be modified to incorporate new sensors so 
that, in the future, different types of control can be implemented on the device.  
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6 Previous Works  
The robot was originally built by Shiqi Peng to test his project (A Biologically Inspired Four 
Legged Walking Robot) on the types of control structures used in biologically inspired 
robots. The dog was built in the early 2000s for research purposes and was moved from 
Murdoch University’s Rockingham campus to the University’s South Street Campus in 2009. 
After this move Karl Bernet commenced work on the robot in an attempt to set it up to be 
used for teaching proposes. He also updated Shiqis’ original program so that it worked on 
the software available at the time.  
6.1 A Biologically Inspired Four Legged Walking Robot  
The robot used was an experimental platform created by Shiqi Peng to have some biological 
counterparts such as , “high centre of gravity, narrow feet, limbs with multiple degrees of 
freedom and narrow supporting base” [1] .  The structure used mimics a greyhound (mid-
sized dog) in limb and body size. The reasoning behind this structure was to create a robot 
that has difficulty maintaining balance. This assisted Shiqi with his research into 
programming a biologically inspired walking strategy for four legged robots. Shiqi created a 
walking strategy which employs Subsumption Architecture [1] and a Central Pattern 
Producer [1]. To assist the robot with walking on various terrains an optimal walking interval 
was learnt, by the robot, through the Reinforcement Learning method [1]. This was 
integrated into the Central Pattern Producer, which enables the robot to walk on terrains 
which were inclined, declined, flat and uneven. [1]  
 
Figure 1 Shiqi Peng’s Original Robot Dog [1] 
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The Subsumption Architecture was used by Shiqi Peng due to its biologically inspired 
approach. The idea was introduced in the late 1980s by R.A. Brooks [2] and is based on the 
idea of “Sensing-reacting”. The Subsumption Architecture works in such a way that 
behaviours are controlled via sensors. For example, a sensor picking up a wall approaching 
at a fast speed will activate behaviour like slow down or stop, these Interactions between 
simple behaviours can generate quite complex behaviours. The behaviours have priorities 
assigned to them as is evident in Brooks’ experimental robot, Genghis (shown in Figure 2). 
The programed behaviours used were force, balance, leg lifting, pitch stabilization, prowling, 
simple walk, stand up, steered prowling and whiskers. The priorities work so that behaviours 
of the lowest priority are activated when no other behaviours are, for example, Stand Up in 
Genghis. [2] 
 
 
Figure 2 Genghis by Brooks [2] 
 
6.2 A Biologically Inspired Quadruped 
In the time that passed between the conclusion of Shiqi Peng’s PHD in 2006 and the 
commencement of Karl Bernet’s project in 2009 much of the original documentation, 
supporting equipment and apparatus was lost. As a consequence of this Karl Bernet had to 
reverse engineer much of Shiqi Peng’s work in order to regain some of the lost knowledge 
and material. 
Karl Bernet and the Murdoch University technical staff developed a physical environment 
for the robot dog which would limit the probability of the robot sustaining damage in the 
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event of a loss of balance. A guide wire running above the desired path supported the 
weight of the robot dog in the event of a fall or other failure. 
Karl Bernet identified a number of problems that needed to be rectified before the robot 
dog could effectively walk. The problems that were identified included [3]: 
 Not enough power in the pneumatic cylinders  
 The legs would lack traction 
 Tendency to stumble and not recover 
 Limited spatial knowledge of limbs 
 Mechanical robustness 
Some of the solutions to these problems were easily implemented. The diameter of the 
pneumatic piping was increased along with an increase in air pressure to 280 kPa in order to 
increase the power of the legs so that it could support the weight and maintain mobility. 
Problems with the feet slipping on the floor were solved through experimentation utilizing 
different rubber pads for the feet. Maintaining the balance of the robot was achieved 
through applications of control methods that were taught in the Murdoch University 
Engineering courses.  
The walking pattern originally programmed by Shiqi which was  Left Front Foot, Right Front 
Foot, Left Rear Foot, Rear Right Foot (leg numbers 0, 1, 2, 3 respectively), was found to be 
biologically incorrect [3]. To address this and to prove the objective of his project, Karl 
Bernet changed the walking pattern to one that reflects that of a real dog and was thus 
biologically correct. After research the correct pattern was determined to be Left Rear Foot, 
Left Front Foot, Rear Right Foot, Right Front Foot (leg numbers 2, 0, 3 and 1 respectively). 
[3] 
Through examination and analysis of the code Bernet revealed that the file Gait.f sets the 
gait phases. The conclusion was, (when the task is initialised) that by changing the 
association of the leg numbers to the phase of the leg, i.e. the left rear leg (leg 2) begins the 
walk by swinging the leg forward (phase 0), improved the walking motion dramatically. This 
reduced the occurrence of the robot stumbling and not recovering. By achieving this Bernet 
believed that the Robotic Dog was suitable for applications as an embedded logic and 
control systems teaching platform. [3] 
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7 Introduction 
The Robot was in an unknown state when first used as the programs previously used had 
been lost along with the documentation. The only information available was the project of 
the previous students. 
The Rebuild was done to solve the problem of lost documentation. Due to lost 
documentation the problems occurring when running the Robot, it was not clear whether 
the problems were caused by software or hardware faults. Instead of trying to fix broken 
code and debugging it with unknown issues with hardware, it was decided to fix the 
hardware so that future students could fix broken control systems (If the systems were 
broken to start with). To do this it was decided to create wiring diagrams of the individual 
cards and their surrounding interfaces.  
8 Rebuild Method 
8.1 Microcontroller 
The microcontroller used for this project is the Motorola 68HC11, which was the original 
microcontroller used for this project. This microcontroller is used in engineering classes at 
Murdoch University to teach students about microcontrollers, and is also used in other 
projects like the lolly machine and the pioneer robot. The microcontroller has five input/ 
output ports commonly labelled by the English letters A –E [4]. These ports have different 
functions, port B and C are used as address and data bus when using external memory. All 
are 8 bit in size. All cards have a JEDSTACK [5] (New Micros own parallel bus) plug and 
addressing jumpers except the CPU cards which only have the JEDSTACK. The Address 
Jumpers can be seen at the top left in both Figure 5 and Figure 6. By changing the jumpers 
the address can be set for that card, some cards will take more than 1 byte, so knowing how 
much each card uses is important when addressing the cards. 
8.2 New Micros Boards 
The 68HC11 was used in the NMIS-L-0021B 68HC11-based CPU board, which is produced by 
New Micros. [6] This board is used in conjunction with four other new micros boards; 
NMIM-0006-6 New Micros Mother board, NMIS-3000 32 input/ 32 output board and NMIS-
L-7070 Keypad and LCD display controller board. The New Micros boards interface uses the 
34 pin JEDSTACK connector which contains the addressing and data lines. 
8.2.1 NMIM-0006 
The NMIM-0006 is an interconnecting mounting system used instead of stacking the boards 
on top of each other, which is the usual arrangement for the NMIS-L boards. The board is 
beneficial for development as cards can be added and removed far easier than with the 
stacking system. This board can be used with six horizontally stacked cards and end 
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connectors as shown in Figure 3 and can be used for mounting additional boards. The power 
for the system, “An off-board step-down transformer, such as a wall pack, providing 7-
18VAC, can, thereby, power the regulated 5VDC needs of most 2x4 cards. Up to 1A can 
be drawn from the 5V supply.” [5] This board supplies power for all the New Micros 
boards connected to it. 
 
Figure 3 New Micros NMIM-0006 Motherboard [5] 
8.2.2 NMIS 0021B 
The main controller board used is a New Micros NMIS 0021B board. This board is used to 
make interfacing with the microcontroller easier. It is used to break out the 
microcontroller’s functionalities and also sets up some of the circuitry needed to run the 
microcontroller chip. There are many different ways to setup this board but this project will 
only touch on the configuration that Murdoch University has used.  
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Figure 4 New Micros NMIS0021B controller board 
The board is setup so that the ROM functionality of the microcontroller is used. A ROM chip 
containing the kernel for interfacing with the SwiftX program is used to make updating the 
software easier. The chip is installed as shown in Figure 4 New Micros NMIS0021B controller 
board where “your application program EPROM here.” The chip below the EPROM is a 
memory chip used for extra addressing space (RAM). 
This board allows the user to interface with the microcontroller’s “ports”. The pins on the 
bottom of the board in Figure 4 can be used to access the A, D and E ports. The project uses 
3 of the D ports to run a heartbeat task so that the user can tell when the microcontroller 
has stalled.   
8.2.3 NMIS 3000 
The 32 in/ 32 out NMIS-3000 I/O board is an expander board for the 68HC11 NMIS-L-0021B. 
This board uses four 8-bit parallel latch-able inputs and four 8-bit parallel outputs to create 
32 input lines and 32 output lines. These lines are arranged in a manner that allows a 34 
wire ribbon cable connector to be used, or alternatively, individual wires. The address for 
this card can be changed by manually manipulating the addressing jumpers from A2 through 
to A15.  A1 and A0 are not connected to allow the card access to 4 Bytes of data storage.  
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Figure 5 NMIS-3000 input/output board 
 
 
 
 
 
8.2.4 NMIS 7070 
 The NMIS-7070 board is used to attach a “keypad” and display. This board was not used for 
this project but was left attached for future use. The board shown below is the NMIS-S-7070 
and the interfaces used to attach a keypad and LCD are J26, J25 and J23.  
 
Figure 6 NMIS-L-7070 keypad & LCD display controller board 
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8.3 Programming and Software  
The language used for programming the 68HC11 is a package called Forth, which was 
developed in the 1970s by a programmer named Charles H. Moore. [7] Forth was used due 
to its use in previous programs and because this language is used when teaching Murdoch 
students, making the program easy to learn and interpret for students doing this project.  
The program used to communicate with the 68HC11 is called swift X. This program is used 
as it is compatible with Forth and is being used at Murdoch University for teaching students. 
This means future students should have a thorough understanding of Forth programming 
and SwiftX if they need to program the dog. [8] 
8.4 Pots 
Potentiometers are used in the dog as sensors for measuring the angular movement at its 
joints, such as the movement at the ankle between the foot and shank as shown in Figure 7. 
When the project was first started it was noted that the connections for the potentiometers 
were broken. This meant that when testing the potentiometers, instead of moving with the 
movement of the robot would either not move or move in a way that did not represent the 
actual movement completed.  
 
 
Figure 7 Potentiometer 
In order to repair this, a new design was developed to replace the existing design thanks to 
John Bolten, Murdoch Engineering’s Mechanical Technician. The new design was similar to 
the old one in that it acted as a screw for the pivot bolt. This meant that it was positioned at 
the pivot point. To prevent the screw from coming undone when the dog is moving, a flange 
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is attached and screwed into the outer-most limbs. This was more effective than the 
previous system with adhesive preventing the bolt from becoming undone, as it would crack 
over time. Another problem with the previous design was how the pots where attached, as 
can be seen in Figure 8, the pot is attached to the bolt. The problem occurs over time as the 
glue that holds the potentiometer in place starts to crack. To fix this in the new design, a 
screw was used in place of glue to apply pressure to the potentiometer and secure it.  
 
Figure 8 Potentiometer and wiring before and after 
 
 
8.5 Rewiring 
Due to the lost documentation, wiring diagrams for the dog were not available, meaning 
new diagrams had to be compiled. To do this, each individual wire had to be tracked. During 
this process it was discovered that the crossing of digital 12v wires and the analogue wires 
from the potentiometers was occurring. This could have been the cause of noise that had 
been heard while testing the analogue systems. To fix this I devised a plan which consisted 
of rewiring the dog and using ribbon cable instead of individual wires for groups of wire. 
This allows for much more room in the “cockpit” of the robot (central area) as shown in 
Figure 9 . To achieve this, interface boards were built so that incoming wires form I/O such 
as the potentiometer or solenoids were condensed to work on ribbon cable. It should also 
be noted that ribbon cable can take limited current levels, which none of the I/O devices 
exceeded. 
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Figure 9 Before and After wiring 
Analogue wires that were running on the outside of the dog have now been replaced with 
shielded wire to help prevent noise that could be picked up from the outside. The cable 
used has two insulated wires and a shielding. The shielding is connected to ground and the 
red and white wires are connected to 5V and variant line respectively. Where the cable is 
soldered to the potentiometer shrink wrap has been used to prevent external contacts, 
shorting the wires.  
8.6 Solders Circuit Boards  
The soldered circuit boards were built as an interface between the different I/O devices. For 
each I/O device a separate board was built, with five boards soldered in total. The isolation 
board was built for interfacing the solenoid and the NMIS 3000 board, and is explained in 
further detail later in the project. The solenoid interface board was built to separate the 
wiring of the solenoids from the inside of the robot making it easier to follow how the robot 
works. The solenoid interface board can be seen on the right hand image in Figure 9. The 
input comes from the isolation board via ribbon cable. The other board built was the 
analogue interface board. One of the major problems with the previous wiring was that the 
analogue wires were running past the 12V digital lines which could have been causing noise 
interference. To fix this, the potentiometer analogue cables come into an interface board at 
either end of the dog which is then connected to an ADC board via ribbon cables.  
9 Wireless 
The wireless device was designed while documentation of the robot was being uncovered. 
9.1 Max 232 Chip  
A Ywrobot Rs232-TTL board is used to interface between RS232 standard and TTL serial 
communications. The Ywrobot board uses a MAX232 chip to allow a RS232 standard signal 
to be converted to a TTL serial signal. The board was used after reading through Dion 
Patelis’s project “Commissioning of the Pioneer Robot”, where he found that the Ywrobot 
8 | P a g e  
 
RS232-TTL was a quick and cost efficient way to do the conversion between RS232 standard 
and TTL. [9] 
9.2 APC2XXX 
The APC200A and APC220A wireless modules have been used in projects before and so 
where available to be tested in conjunction with the robot. For this project there would 
need to be a dedicated wireless to reduce the probability of the module being damaged. 
Since the APC200A was not being used at the time this meant that it could be used as a 
starting point for testing the wireless communications. After looking at the wiring that was 
used for the pioneer robot and reading through Dion Patelis’s project I found that a MAX232 
chip was needed when using the wireless APC200A module. The wireless APC200A module 
communicates using serial TTL and the output from the computer is an RS232 standard so a 
MAX232 chip is used to convert from RS232 to TTL. It was decided that the Ywrobot Rs232-
TTL module would be used when conversion between to two different serial protocols was 
needed. [9] 
9.3 3DR Radio Kit 
The 3DR radio kit [10] was found after extensive research into efficient cheap wireless kits. 
The 3DR Radio is used for telemetry when communicating with drones. The reason this 
product is included in the project was due to its reliability and price. The 3DR telemetry 
system is used in conjunction with ArduPilot Mega which is a pre-assembled unit created by 
3DR robotics for the use in UAVs.  The unit itself is a wireless to TTL configured system 
meaning it could be used in conjunction with any microcontroller communicating via TTL. 
[10] 
The wireless communication is based on the HopeRF HM-TRP radio module, this module 
runs open source firmware to create a full duplex link. The module is interfaced via standard 
TTL 5V serial or FTDI USB serial.  The kit comes with 2 modules as shown in Figure 10. One 
module is already interfaced with a USB serial adaptor to make interfacing easier. Drivers 
for the USB serial link are provided by 3DR this made initial communications much easier 
than that of the APC2XXX Modules. The module without the USB link needed to be 
interfaced using the MAX232 chip so that communication between the devices could be 
tested. To change the internal setting of the boards the “3DR Radio Configure Program” is 
used. 
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Figure 10 3DR Radio Telemetry Kit - 915 Mhz 
9.4 Testing 
Both the 3DR wireless module and APC200A wireless module were tested by connecting 
through respective serial communication (COM) ports. A basic LabVIEW [11] program was 
used during this testing process to send an 8 bit word over the serial link which was then 
read via a corresponding LabVIEW program. The programs interface screen is shown in 
Figure 11. By opening two of the same programs and changing the COM ports to match the 
COM ports of the serial ports used, it was possible to test reading and writing words using 
the wireless devices. The APC200A encountered problems with lost data when high 
amounts of data were being sent. This meant that program downloads using SwiftX was not 
able to be completed. 
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Figure 11 Basic LabVIEW Serial Read/Write program used for testing 
10 Pressure Sensing 
Micro switches are used as sensors to determine whether the corresponding foot is making 
contact with the ground. In Shiqi Peng’s project he states that “A point to note is that all 
experiments in this project are conducted on a relatively firm surface as the robot is not 
equipped with pressure sensors that could provide more accurate ground contact 
information on a soft surface.” [1] With this point in mind; a design which incorporated 
sensors with the ability to read the change in weight on each foot was developed and 
implemented. 
10.1 Research  
Two types of sensors were investigated for the task of reading the weight on each foot; The 
Force Sensing Resistor Square and ZFLEX A401-25. The difference between these two 
sensors is the change in contact area. The sensors are made of a thick film of polymer which, 
when force is applied to the surface, decreases the internal resistance of the sensor. [12] 
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The Force Sensing Resistor Square was found to already be in stock so before ordering the 
ZFLEX A401-25, which is a smaller design with the same principle, the theory was tested on 
the Square Resistor. 
A four step testing cycle was used to test the feasibility of each type of force sensor. The 
four steps to this cycle are Research, Design, Test and Results. If the results obtained during 
the four step cycle were unsatisfactory, the results were discarded and the cycle was 
repeated to produce better quality results. The research phase consisted of gathering 
pertinent information relevant to each of the sensors. This included data sheets to aid the 
understanding of the workings and operation of each sensor and the development of useful 
testing for each sensor. In the design stage, the information that was acquired during the 
research stage was applied to design a helpful and user friendly method of testing the 
feasibility of each sensor for the task of measuring the force on each of foot. During testing, 
the test procedures that were developed in the design stage were conducted with the aim 
of producing results that could be easily read and understood as well as being repeatable. 
During the results phase, the data attained during testing was analysed to determine the 
most suitable sensor for a given application.  
The documentation for Force Sensing Resistor Square sensor [12] stated that the force 
sensors could only be used at 0-10kg. After weighing the dog in its standing position it was 
found that the weight on each leg was approximately 7.5 kg. Whilst walking this weight 
would be spread across 3 of the original 4 legs and would increase the weight associated 
with each. The maximum weight that could be applied to each leg is around 20 kg. 
Considering that the dog would become unstable with two legs off the ground, we can 
assume that the minimum number of legs that will be on the ground would be two. 
Considering these factors, an operating range of 0-20kg for each sensor would be suitable 
for the task of measuring the weight on each foot. This range also allows for future 
modification as it allows some leeway for additional weight to be added to the robot before 
the sensors would need to be upgraded to a higher weight capacity rating. The range stated 
for the ZFLEX A401-25 sensor is 0-7000lb but it has only been tested from 0-10kg. With 
different types of configurations it can be used in the 0-20kg range. 
10.2 Force Sensing Resistor Square 
The force sensing resistor squares were used to test the capabilities of the types of force 
sensors. The force sensors were never meant to be used on the dog itself due to the size 
and measurement range of these sensors. There were 3 different types of circuits which can 
be used to test the suitability of the sensors. These can be found in the FSR manual 
contained in the bibliography. A basic diagram of a FSR that is possible to be adapted for use 
on the robot can be seen in Figure 12. 
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Figure 12 FSR Construct [12] 
10.3 Final Design  
After testing the different circuits a final design was achieved. The design consists of a 
biased inverting Operational Amplifier (Op Amp). The circuit uses an Op Amp to convert the 
change in resistance to a change in voltage which is read by an ADC. The Op Amp is used to 
linearize the ZFLEX which is non-linear. This circuit is used so that, for the ranges of 0 – 20 
kg, the measured voltage is close to linear to the mass. The circuit can be found in the 
manual for the ZFLEX, but due to time restriction the final test have not been done. 
11 ADC 
The robotic dog is able to monitor the changes in angle of each joint. The change in angle 
around each joint is read by a potentiometer. These potentiometers or “pots” change 
resistance as the pot is twisted. The pots have three connections which are used for 5V, 
signal and ground respectively. The signal wire changes voltage between 5V and ground 
depending on position of the joint.  The signal wire is measured using an Analogue to Digital 
converter (ADC) card created by Shiqi Peng. 
The ADC card created by Shiqi Peng was only a prototype board and was planned to be 
updated into a printed circuit board (PCB). The wiring diagram for the ADC utilised on the 
robotic dog had been lost, so before a PCB could be created, a new wiring diagram had to be 
made. By visually deconstructing and testing the individual wires on the back of the 
prototype board a wiring diagram was derived. Figure 13 shows a section of the diagram 
centred on the ADC chip. 
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Figure 13 Section of the 8 bit ADC Wiring Diagram (Full Diagram in Appendix) 
After the wiring diagram was created, it was studied to determine whether the design of the 
ADC could be improved.  There are 9 individual chips on the board of which 7 are of 
different types. Below is a list of the 7 different types of chips utilised for the ADC; 
 74HC688 -  8-bit Magnitude Comparator 
 74HC138 - 3 to 8 line Decoder 
 74HCT245 - Octal Bus Transceiver 
 ADC0804 - 8 Bit Analogue to Digital Converter  
 74HC574 - Octal Edge-Triggered D-Type Flip-Flops 
 74HC4051 -8 to 1 Analogue multiplexer 
 74HCT04 – Hex Inverter 
The documentation for each of these chips can be found in the appendices. The HC in each 
of these chips stands for High speed CMOS which mean they can operate at a frequency as 
high as 60 MHz. The 74 at the beginning of the name refers to the logic family. [13] 
11.1 8-bit Magnitude Comparator  
The 74HC688 decodes the address lines and compares these lines to the jumper lines. This 
comparison checks to see if the information on the bus is for the relevant address. When 
the address lines and the jumper lines match up the Chip Select (CS) line is pulled low. The 
address used for this board is hex number 8100-8103; this is due to the address lines A1 and 
A2 not being connected to the comparators. This can be seen in Figure 14. 
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Figure 14 Addressing Portion Of the Diagram  
11.2 3 to 8 line Decoder 
The 74HC138 uses the address lines; A0 and A1, the read or not-write(R/~W) line to address 
the not-read (~RD) and not-write (~WR) lines for the ADC’s and clock (CLK) line for the octal 
edge-triggered D-type flip-flops. This is used to assign an address to each chip and also to 
determine whether the assigned chip is reading or writing data to the bus line. By using the 
truth table below (Table 1) the address can be determined and the direction each output 
used, is for. The chip select CS line is used to enable the chip when the right address is 
entered and E is to disable the chip if an error occurs.  
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Truth Table  
Enable Select Outputs 
G1 Ḡ2A Ḡ2B C B A Ῡ0 Ῡ1 Ῡ2 Ῡ3 Ῡ4 Ῡ5 Ῡ6 Ῡ7 
L X X X X X H H H H H H H H 
X H X X X X H H H H H H H H 
X X H X X X H H H H H H H H 
H L L L L L L H H H H H H H 
H L L L L H H L H H H H H H 
H L L L H L H H L H H H H H 
H L L L H H H H H L H H H H 
H L L H L L H H H H L H H H 
H L L H L H H H H H H L H H 
H L L H H L H H H H H H L H 
H L L H H H H H H H H H H L 
Table 1 (3 to 8 line Decoder Truth Table)  
11.3 Buffer Chips  
The 74HC245 and 74HC543 are chips that are used for buffering information. The octal 
transceiver chip used the OE line to for direction and the CS line to enable transfer of data. 
The octal edge-triggered D-type flip-flops use an Enable and Clock line to enable the transfer 
of data and for that data to be held until the next data transfer.  
11.4 Analogue multiplexing  
Three chips are used to do the analogue multiplexing. The chips used for this operation are 
the 74HC574 octal edge-triggered D-type flip-flops, 74HC4051 8 to 1 analogue multiplexer 
and 74HCT04 hex inverter. Using these chips, 16 lines are able to be multiplexed, as can be 
seen in Figure 15 
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Figure 15 Analogue multiplexing Portion of the Wiring Diagram  
There are two 74HC4051 chips used to multiplex 16 lines. The chip has a 3 input channels 
and an enable channel as shown in the truth table below. The table shows how each 
channel can be selected via a combination of the 3 inputs. 16 channels are run by the enable 
channel through a hex inverter (74HCT04) and then running the inverted line to one chip 
and the original to another.  
Truth table  
Input Channels ON Channel 
“A” Enable  S2 S1 S0 
L L L L A0 
L L L H A1 
L L H L A2 
L L H H A3 
L H L L A4 
L H L H A5 
L H H L A6 
L H H H A7 
H X X X NONE 
Table 2 8 to 1 Analogue multiplexer truth table  
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The enable pins being the logical complement of each other, (not on two separate data pins) 
allows for the use of only 4 bit addressing. This also helps prevent a build-up of current 
which could happen if both the multiplexers were enabled at the same time. The truth table 
for each multiplexer will stay the same but an additional truth table can be drawn up, where 
the enable pin causes the hardware to switch from one multiplexer to the other. The table 
below shows the hex addressing for each potentiometer.  
Location Colour 
 
Location Hex Digit  Address 
Right Back   
 
Shank 0 
 Left Back   
 
Foot 1 
Left Front   
 
Hip 2 
Right Front   
 
Thigh 3 
   
Hip 4 
   
Thigh 5 
   
Shank 6 
   
Foot 7 
   
Shank 8 
   
Foot 9 
   
Hip A 
   
Thigh B 
   
Hip C 
   
Shank D 
   
Thigh E 
   
Foot F 
Table 3 Hex numbers for pots and their locations on the robot  
11.5 Analogue to Digital Convertor 
The 8 Bit Analogue to Digital Converter (ADC0804) has many different ways of being set up 
but the setup that was used for this project has been based on the original design used by 
Shiqi Peng as shown in Figure 16. There were no wiring diagrams, so this setup was found by 
reverse engineering the original. A test circuit was built to test whether there were any 
errors in the redesign. Figure 18 is similar to the test circuit used for testing the 8bit ADC.  
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Figure 16 8bit ADC setup 
11.6 12bit analogue to digital converter 
The 12 bit ADC chip works differently from the 8 bit ADC. This was due to there only being 8 
digital lines. To overcome this the 12 bit ADC will send 8 bits then 4 bits as shown in Figure 
17. This requires the HBEN signal being held low when receiving the first 8 bits and then 
raised high to receive the next 4 bits. Using this chip meant the same design could be used 
as the 8 bit ADC with the addition of a few extra parts for the secondary call. 
 
Figure 17 Parallel Reading Times 
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Figure 18 Testing design for 12 bit ADC 
 
 
12 Tilt sensing  
Balance control has been one of the main areas of concentration since the commencement 
of this project. To measure the angle of the dog in both the longitudinal and lateral planes 
Shiqi Peng installed eight mercury switches. Four switches are used to determine the angle 
on the longitudinal axis and four switches are used on the lateral axis. The switches are 
divided in such a way that the direction and angle of tilt can be determined. Mercury 
switches make contact depending on their angle in relation to the horizontal plane. By 
installing mercury switches at set angles, the angle and direction of tilt can be measured by 
determining which of the eight mercury switches have closed contacts at any one time.  
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12.1 Research  
A new setup was looked at so that a state of continued control of the balance could be 
achieved. The old setup would only tell if a pre-set angle had been reached, and not rate the 
rate at which that angle had been reached. This means the dog can only correct when it has 
already reached that predetermined angle. The program used would make the dog go into a 
stand state if one of the switches is triggered, this meant that continued balance control 
was not maintained. A solution for this problem was to use an Inertial Measurement Unit.  
Inertial Measurement Units or IMU’s are devices used in aviation to test an aircraft’s 
acceleration, and orientation using accelerometers, gyroscopes and magnetometers. Due to 
devices such as mobile telephones (smart phones) integrating this technology, modules 
have reached the market that can incorporate these devices into small electronic chips such 
as the ”9 Degrees of Freedom - Sensor Stick” that was used by Andrew Leavy in his project. 
[14] 
12.2 Accelerometer  
To test the feasibility of this project first an accelerometer was tested to see if it could show 
the type of information that was needed for the robot. By using the 3-Axis accelerometer 
module that runs using the MMA7361L 3 axis accelerometer. An accelerometer gives 
information on the acceleration that the device is subjected to. Devices like these are used 
in hard drives to test for zero gravity situations, which would mean the device is in freefall, 
to enable a protection mode. [15] The acceleration on each axis is given in an analogue 
format and can be changed from a range of 0-1.5 g to 0-6 g. This means 1.5 times or 6 times 
the acceleration due to gravity (9.8m/s). For use on the dog we would not need more than 
0-1.5 g. [15] 
The 3-Axis Accelerometer Module was connected to a NMIS-0021b board. Port E is the 
analogue input port. To set up this port registers “option” and “adctl” need to be set up. 
This can be seen in Appendix A coding. The experiment worked by having the Accelerometer 
plugged into a bread board and then reading its output on the 68HC11. The outputs were 
averaged to remove some noise, allowing a clearer idea of the value that was being 
displayed by the accelerometer. A running script would output the values of the 
accelerometer every second, then while this was running, the bread board would be rotated 
to test the change in the values of the analogue signals. The problem with the 
accelerometer is that acceleration caused by sideways movement will also be read by the 
accelerometer which may disrupt the reading. To test this the board was moved in a way 
that replicated how the dog moves.  
12.3 IMU 
Inertial measurement units use three different sensors in conjunction to gather information 
on its orientation, acceleration and magnetic forces. The reason three sensors are used, is 
due to each sensor not gathering all available information individually. [14] A gyroscope 
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gathers information on the angulate displacement to the horizontal but cannot tell whether 
the device is upside-down or not to find this information an accelerometer is used. IMU’s 
are readily available due to the increase in non-commercialised drone manufacturing.  
Three different IMU’s where found that were compatable with the robot. The 9 Degrees of 
Freedom - Razor IMU, 9 Degrees of Freedom - Sensor Stick and 9 Degrees of Freedom - 
MPU-9150 Breakout. [14] One the Razors would be best used with the 68HC11 due to its SPI 
interface, which the 68HC11 has. The Sensor Stick and MPU-9150 Breakout could also be 
used, but would need interfacing via a communications protocol called I2C. The Sensor stick 
was readily available, having already been used in a project before so it was decided that 
creating an I2C adaptor board for the 68HC11 would be best practice as it didn’t contain one 
of its own. 
12.4 I2C  
I2C is a serial communications bus developed by Philips [16] to communicate between 
peripherals and a main controller. It uses two I/Os to communicate the SCL (Serial Clock 
Line) and SDA (Serial Data Line) lines. [16] Two different ways of interfacing the I2C with the 
68HC11 where found, an SPI-to-I2C chip and Parallel-to-I2C chip. The New Micros 
Prototyping board was used, in conjunction with the Philips PCA9564 Parallel bus to I2C-bus 
controller. [17] The PCA9564 is an integrated circuit that can be used to interface a parallel 
bus and an I2C bus and allow them to communicate bi-directionally. 
 
 
Figure 19 Parallel bus to I2C-bus controller [17] 
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The problems encountered with interfacing the PCA9564 to the NMIS-0001 prototype board 
was the Read and Write signals.  On the 68HC11 the read and write signals are on a single 
line, with read being a high and write being a low voltage. The PCA9564 has a different 
setup, where the Read and Write signals are separated, a read is a low voltage on the ~RD 
line and Write is a low voltage on the ~WR line. To interface the two chips a 74HC138 - 3 to 
8 line decoder was used, (The 74HC138 truth table is shown in Table 1) by connecting G2A 
and G2B to the chip select line and G1 to 5V. This was so the chip would only work when the 
address for this chip was correct. The lines A, B and C where connected to R/~W and ~OE 
(not output enable) and ground respectively, this means that when a read signal was sent 
that R/~W is high OE is low so Y1 is set low, this would be ~RD signal. When a write signal is 
sent R/~W is low OE is low making Y2 low which is the ~WR signal. This setup can be seen in 
Figure 20. 
 
Figure 20 Design for Interface Between Prototype Board and PCA9564 
 
 
13 Digital Isolation  
There were two boards originally used to interface the digital I/O with the microcontroller. 
One of the boards was a digital in and digital out board but the digital out had been 
removed, so there were only 12 digital input pins in use. 8 of these were for the tilt sensing 
and 4 were allocated for the micro-switches. The other board had been specially designed 
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to work with the solenoids. With all the wiring removed it was seen that there was space 
that could be used in the central cab of dog just below where the microcontroller and 
interface boards were housed.  With there being 4 unused solenoids and 32 solenoids along 
with the extra room, it was realised that a 32 input/ 32 output card, supplied by New 
Micros,  could be replace both original cards, instead of creating new wiring diagrams. The 
only problem then would be interfacing the card with the solenoid which ran on 0- 12 Volts 
not 0-5 Volts like the microcontroller. With the solenoids having a larger current rating than 
what could be drawn through the microcontroller, an interface board was decided upon 
which would interface the 0 -12 V with the 0-5 V. 
The interface board first design was based around the design used on the proto-type boards 
created by Shiqi Peng. The proto-type board used Darlington chips to interface between the 
two different voltage levels and also allowed higher amounts of current to flow than could 
be drawn from the microcontroller.  
13.1 Darlington Transistor Array  
A ULN2803A Darlington transistor array [13] was used to interface a low current line with a 
high current line. This was done with the use of transistors in a Darlington pair (as shown in 
Figure 21 Schematic of one line on a ULN2803 Darlington Transistor Array), which shows 
one of the 8 Darlington pairs in the ULN2803A. Using this, the digital output is connected to 
Input B, 12 voltage line to COM and the output to the solenoid is connected to Output C. 
The ground line of the solenoid is connected to Output C and the Voltage line to 12 V. Using 
this setup a 5V high on the digital out will cause the transistors to turn on causing them to 
saturate, this in turn, causes the voltage at Output C to drop from 12 to saturation voltage 
(considered 0.1 – 0.35 V) leading to a voltage drop across the solenoid of 12V causing the 
solenoid to turn on. 
 
 
Figure 21 Schematic of one line on a ULN2803 Darlington Transistor Array 
The idea of using the method above was discussed and one problem was that the digital 
ground and 12V ground must be connected for this circuit to work, meaning any that noise 
may be passed through on the ground line from the 12V side to the 5V side. Two methods 
where considered, the first using filters and the second isolating the grounds. The second 
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was ideal for two reasons, firstly the noise created by the constant switching of the 
solenoids would be negated and secondly the 12V lines and the 5V lines would be 
separated, which would help protect the microcontroller and its I/O boards from being 
damaged by any voltage spikes that may occur.   
13.2 Isolation  
After some research, it was found that the digital isolation for the existing setup was most 
effectively done by photocouplers. [18] Photocouplers use light emitting diodes (LEDs) and 
photo-diodes (or photo-transistors) to isolate two components. The ideal setup for the 
photocouplers is to have the LED and the photo-transistor on separate circuits with isolated 
grounds, this is called galvanic isolation. [18] This type of isolation is used when different 
circuits need to communicate whilst also remaining isolated.  
The photocouplers work by having the turning the LED on when a current is passed. The 
light emitted from the LED is received by a phototransistor which then allows current to 
pass through. This can be set up like the circuit shown in Figure 22 with the pulse input 
being the digital input and Vout being the output, so when the digital signal “in” is high, the 
digital “out” is pulled high.   
 
Figure 22 Test Circuit for PS2502 Photocouplers [18] 
13.2.1 Photocouplers  
The PS2502-4 are optically coupled isolators containing GaAs light emitting diodes and an 
NPN silicon Darlington connected phototransistor. [18] They are used to create isolation 
along a single data signal. By having the original signal converted to light, that light being 
picked up by the phototransistor, helps prevent current or voltage spikes from interfering 
between the sender and receiver.  
13.3 Final design  
The final design for the Digital isolation used a Darlington pair and photocouplers together 
to switch the solenoids. There are 32 solenoids that need to be switched in total. The 
ULN2803 Darlington has 8 channels and the PS2502 photocoupler has 4 channels this meant 
that 4 ULN2803 and 8 PS2502 were needed to interface the 32 line of digital I/O. The 
PS2502 needed a resistor setup, (shown in Figure 22), so that the total voltage was not 
across the diode or transistor. 1 kΩ resistors on the input and output sides were used in the 
final design, this caused a current of 5mA through the input diode and 12mA through the 
output transistor, which was well within the operating range of the photocouplers and 
Darlingtons.   
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Figure 23 Section of the Solenoid Isolation Wiring Diagram 
The output of the Darlingtons are set up so that when there is a high voltage (12V) potential 
at the input pin, the output pin is pulled low. By connecting the ground of the solenoid to 
the output pin and, high voltage (Vcc) to 12 volts when the input is activated the ground of 
the solenoid is pulled low causing a voltage potential of 12 volts across the solenoid. This 
setup will have no voltage drop across the solenoid when there is a low on the input. Using 
this setup all red wires which were the positive wire Vcc of the solenoids were attached to a 
12V rail as (shown in Figure 24) and the black negative wires where connected to the inputs.  
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Figure 24 Output Connectors for Isolation Board 
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14 Conclusion 
The goal of this project was to create a working platform that future students could use for 
further development. The Robotic Dog had many problems including, but not limited to, 
those involving the mechanical frame, hardware with associated equipment, and initial 
programming. The solutions considered were, to reproduce an entire substitute robot, 
replace the frame of the robot or reconfigure the existing frame and associated equipment. 
The first two solution were dismissed, due to a lack of allocated time and budgetary 
constraints.  
Many of the problems found can be traced back to lost documentation and programming. 
Due to the lack of documentations many basic faults were exacerbated, for example basic 
rewiring that had to be traced before it was able to be replaced. One of the most 
challenging problems caused by lost documentation was the mapping of the existing 
prototype cards. This problem was solve by sourcing commercially available replacements 
and creating new adaptor boards. The difficulties involved in rewiring of the robot were 
complicated, due to the nature of the previous build, which had disorganised paths for 
components such the potentiometers and tilt switches. Ineffective sensors where also 
creating useless feedback that was causing control structure to become defective in 
operation, this meant that new sensors will have to be developed and integrated for future 
systems. 
In conclusion, after the required new sensors are installed the programing of upgraded 
control structures and systems can be developed to holistically optimise operations of the 
Robotic Dog.  
15 Continued Works 
Many problems persist with the Robotic Dog, in order of priority they are; feet sensors and 
associated programming, pneumatic interface programming, replacing tilt sensor array with 
an IMU, centre-of-mass programming and subsumption programming. These can be 
classified into three groups, balancing, programming and a proposed interface panel.  
15.1 Balancing 
To implement better balance control structures, researching has started to find better 
sensors to give readings of higher quality. The sensors that are being replaced are the tilt 
switches, used for tilt control, and contact switches, used for registering contact with a 
surface. The tilt switches will need to be replaced with a modern IMU (which interfaces 
using SPI not I²C), which can be used to measure angles from a given centre. These units are 
a more advanced technology that can be used to create a continuous tilt control, instead of 
a reset method that it currently employs. The old feet sensors are only useful for indicating 
if the foot has contacted with a hard surface, not how hard or how much weight is 
associated. By using force sensors on the feet like the prototype in Figure 25, control 
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structures can track how the weight of the robot is allocated this, plus information from the 
IMU, can lead to better track balance and control.   
 
Figure 25 Prototype weight sensor foot 
15.2 Programming 
Included in the lost documentation was the original programming comments. Some of the 
original program code has been located but, because of kernel mismatch and other 
associated issues, the original program has to be edited to work with the recent SwiftX 
software. The program has many issues that will need to be solved for the subsumption, 
that Shiqi Peng created, to work as he designed. One of the new issues is, that during 
implementation of the NMIS-3000 and its interface board, the pneumatic solenoids signals 
have been inverted, meaning that when a “contract” signal is sent an “extend” action is 
visualised. To fix this the program has to be edited, this should not be a major problem 
considering that all the solenoids were simply inverted rather than being mixed up 
irrationally. There are many other programing issues but, during this project, the focus has 
been on fixing hardware and creating documentation. 
15.3 Interface Panel 
For the future, an interface panel will need to be installed so that, during debugging, the 
panel will need to feature devices, such as a keypad and LCD display. This is so that, when 
tests are being conducted on the robot this interface equipment can be used for instructing 
the robot without using the command window. The LCD can show what behaviours are in 
use on the display. The power input line should be installed with a LED to show when power 
is on, and a switch for turning power off without isolating the source. In addition, an LED 
would be beneficial to indicate a heartbeat, so that the operator can tell if tasks have stalled 
the microcontroller, in which case the contact switch can be used as a reset facility. 
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17 Appendix A - Coding for Accelerometer  
\ sets up the analogue port  
: adset $80 option byteset ; 
: chanset %00110010 adctl c! ; 
\ creates 3 variables one for each axis  
Variable XVar 
Variable YVar 
Variable ZVar 
\ creates a task for averaging the analogue readings. 
Task Average  
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\ Averages 10 the analogue readings  
: AvgZ 10 dup 0 dup rot swap do adr1 c@ + loop swap / ; 
: AvgX 10 dup 0 dup rot swap do adr2 c@ + loop swap / ; 
: AvgY 10 dup 0 dup rot swap do adr4 c@ + loop swap / ; 
\ Averages 10 analogue Averages  
: Avg10Z 10 dup 0 dup rot swap do AvgZ  + loop swap / ; 
: Avg10X 10 dup 0 dup rot swap do AvgX  + loop swap / ; 
: Avg10Y 10 dup 0 dup rot swap do AvgY  + loop swap / ; 
: AverageAll begin Avg10Z ZVar ! Avg10X XVar ! Avg10Y YVar ! pause again ; 
: BuildAverage adset chanset Average Build ; 
: initAverage BuildAverage Average Activate AverageAll nod ; 
 
: test begin cr ." z: " adr1 c@ . ."    x: " adr2 c@ . ."    y: " adr4 c@ . 300 ms key? until ; 
: testVar begin cr ." z: " ZVar @ . ."    x: " XVar @ . ."    y: " YVar @ . 300 ms key? until ; 
\ sets up Port A so that pin 3 con be used as an output. 
: PortSet $8 Pactl c! ; 
: leftLight XVar @ #63 < if ZVar @ #93 < if $18 porta C! then then ; 
: RightLight XVar @ #108 > if ZVar @ #93 < if $60 porta C! then then ; 
: TopLight YVar @ #68 < if ZVar @ #93 < if $48 porta C! then then ; 
: BottLight YVar @ #113 > if ZVar @ #93 < if $30 porta C! then then ; 
: checkLight begin leftLight RightLight TopLight BottLight key? until ; 
: leftTopLight  XVar @ #74 < YVar @ #102 > or if ZVar @ #93 < if $10 porta byteset then else 
$10 porta byteclear then ; 
: RightTopLight XVar @ #97 > YVar @ #102 > or if ZVar @ #93 < if $20 porta byteset then 
else $20 porta byteclear then ; 
: leftbotLight  XVar @ #74 < YVar @ #79  < or if ZVar @ #93 < if $08 porta byteset then else 
$08 porta byteclear then ; 
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: RightbotLight XVar @ #97 > YVar @ #79  < or if ZVar @ #93 < if $40 porta byteset then else 
$40 porta byteclear then ; 
: checkLight2 begin leftTopLight RightTopLight LeftBotLight rightbotLight key? until ; 
